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ABSTRACT

The goal of this research was to understand the bonding behavior of different polymers in thermal bonding. Special attention was given to the interaction of the
materials variables with processing characteristics of the polymers.
Initially, thermal bonding studies were done using films from different polymers.
Polymer films of different morphology were produced from different grades of
polypropylene. Thermal bonding of these films was carried out using the hot press.
Effect of film structure, properties and bonding conditions on the bonding efficiency
was studied. A range of bond temperatures covering poor, optimum and over bonding were studied to understand the changes taking place. Bonded film strength was
analyzed using tensile testing. Change taking place to polymer in bond point and
original surface were analyzed using SEM. Importance was given to material variables of bonding and their influence on the bond strength are scrutinized in this
work. Films bonded at lower sealing pressure and time gave better results. Films
with lower orientation formed better bond.
Bonding studies on films were extended to fibers and webs. Polypropylene fibers
manufactured with different processing conditions and with different cross-section,
denier, and polymer melt-flow rate were bonded with different heat sealers. Bonding
studies were also done with several sheath-core bi-component fibers.
Fiber bond strength results were similar to results observed in case of films with
respect to bonding temperatures studied. Carded webs were prepared from polypropylene and other bi-component fibers. Effect of bonding temperature on property of
calendered web was determined using tensile, tear and stiffness testing. Fiber web
mechanical properties increased with the calendering temperature. At higher calendering temperature strength increased along with the stiffness. After certain optimum
temperature, properties of the webs deteriorated.

vi

Impact of spin finishes on the thermal bond strength was studied. Thermal bonding
studies of polymer film, fibers and fiber webs with two different finishes at different
concentration levels were carried out. In most of the cases, bond strength was lower
compared to those without any finish, and the strength drop was higher with higher
level of finish. Film, staple fiber and fiber web attained its optimum strength at
slightly higher bonding temperature in the presence of finish.
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1
INTRODUCTION

Nonwovens have become part and parcel of human life. Wide ranges of products
from nonwovens represent one of the most important commodities of business
throughout the world. Applications and demand are continuously increasing and
expected to grow in future. Thermal bonding constitutes one of the predominantly
used production processes and has vast advantages.
Quality of final products depends on choosing right material and process variables.
Considerable knowledge has been gained recently in morphology changes that occur
during thermal point bonding [1, 2]. In addition, it has been shown that the requirements to make a strong nonwoven differ substantially from the requirements to form
strong fibers. Fibers with lower orientation and lower crystallinity form stronger
thermal point bonded nonwovens, presumably because the fibers can deform more
before rupturing at the bond edge, thus sharing the load better. It was also observed
that the birefringence drops by approximately 50% within two fiber diameters of the
bond edge indicating a substantial loss of strength at the bond edge. However, it is
believed that bonding occurs at the surface of the two fibers in contact, but only in a
region that is of the same thickness as a coiled polymer chain, i.e. a region that is
approximately 5 nm thick. Melt gradient fibers and many of the bi-component fibers
perform better in bonding specifically because the surface is different than the bulk
[1].
1

In order to understand thermal bonding, the effects of the processing conditions and
the molecular properties of the polymer must be understood. Specifically, the molecular weight and molecular weight distribution may be different at the surface than
in the bulk fiber. The crystallinity is almost certainly different as well as the rate of
melting and of crystallization at the surface. Likewise, the presence of finish and
whether it is a plasticizing, nucleating or inert finish will affect melting and recrystallization as well as the interdiffusion rate.
The effects of materials’ variables on the morphology and properties of melt spun
iPP fibers have been extensively studied [3]. The primary materials variables of iPP
resins include the following: (a) molecular weight and molecular weight distribution,
(b) stereo regularity (ataxic content and number, type and distribution of defects), (c)
presence, content and distribution of comonomer (e.g. ethylene), and (d) presence of
nucleating agents in the resin (intentionally added or otherwise). These primary
variables control other measurable features of the resins such as the melt flow rate
(MFR), rheology, melting temperature and crystallization kinetics [4]. Clearly, together with processing conditions, these variables also control the morphology of
fibers spun from iPP resins and the thermal bonding of the fibers into nonwoven
webs. Studies have also included comparison of the morphology and properties of
fibers and spunbond nonwovens produced from Ziegler-Natta catalyzed resins to
those of fibers produced from metallocene-catalyzed resins with the same MFR [6].
These results further illustrate the effects of many of the above-mentioned variables.

Whereas PP is still the most used polymer, several other polymers have their share in
thermal bonded nonwoven applications, either as carded webs or in spunbonding. Bicomponent fibers such as PP/PE, PET/PE and PET/co-PET have been used in thermal bonding. Also, new polymers such as PLA and PTT are encroaching in the new
markets [5]. As the other polymers are becoming important, it is necessary to study
and understand the thermal bonding behavior of these new systems as well.

2

Studies on polymeric additives indicate that for good bond formation, there is need
for easy positioning at the interface, quick and total bond formation and a subsequent
hardening [6]. Imachi et. al. in their earlier studies on hot-melt adhesion have found
that the bonding between polyethylene and other polymers differ. They have also
found that the bond strength increases and is peak in vicinity of melting point of
adherend [9].
Although many studies have been done to understand material and process variables
affecting thermal bonding, influence of material variables; polymer grade, fiber
properties, process history of raw material on the properties of end products is not
clear. None of the previous experimental set up was true representation of commercial process.
Also it is impractical to carry out large scale experiments on production process due
to many factors including cost. Since the thermal bonding method is a widely used
process, quick and representative screening process to determine most important
process variables for raw material in use is essential so as to avoid waste of material
and time.
In this research, an endeavor has been done to understand and determine the possibility of predicting the bonding behavior in fabric stage through the film, fiber, filament
bonding studies using different type of heat sealers. Important process variables;
time, temperature and pressure were closely selected to match the industrial set up.
This study was done to understand role of polymer structure and properties in thermal bonding. Different polymer variables such as MW, MWD and solvent extracts,
polymer types (Zn-PP and M-PP), fiber structure (diameter, cross-section. etc) are
studied with respect to their thermal bonding performance. Morphology of the
films/fibers such as crystallinity and orientation and its role in bonding is studied.
The study is also extended to other polymers such as PE, PET and Co-PET, especially in the case of bi-component fibers. Bonding temperature was main process
variable in this investigation although other parameters were studies to a limited
extent.
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The surface characteristics are significantly altered by the spin finish that is used to
enhance the processability by tackling the static and friction related problems. It is
known that the effect of finishes on thermal bonding efficiency is different based on
the composition. These differences, in effects, can lead to significant loss in strength
of the nonwoven fabrics produced. The current research was to study the effect of
some of the finishes on thermal bonded (PP) nonwovens and to understand the reasons, and mechanisms that might be involved for these observed differences.

1.1

JUSTIFICATION

The findings from this project will help in determining how the material and process
variables can be used to control the formation of efficient thermal bonded fabrics
from polymers. It is obvious that depending on polymer structure and properties, the
processing parameters have to be adjusted to get the best possible performance. The
results from this research should assist the industry in choosing the right material and
process combinations to produce nonwovens with desired properties.
Although the focus is on thermal point bonding, this knowledge will be applicable to
other similar processes such as spunbonding and through-air bonding. This study
provides new and fuller understanding of the influence of material variables on
thermal bonding, and on the properties of the bonded webs. The principal process of
interest is thermal point bonding. The results may also be relevant to through-air or
ultrasonic, bonding techniques. The thermal bonded nonwovens continue to grow
and developing a good understanding of the process becomes more important under
these circumstances.
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1.2

THESIS GOALS

The overall goal of this project was to clarify what influences and controls thermal
bonding. The specific objectives were:

1. To develop a good understanding of the role played by molecular weight and
molecular weight distribution on the thermal bonding of polypropylene fibers.
2. To compare the behavior of different PP resins in the thermal bonding process and interpret this in terms of the fundamental differences in polymer
molecular architecture.
3. To understand the thermal bonding behavior in other polymers through examination of the thermal bonding of PET, co-PET, PE and other polymers.
4. To understand the impact of spin finish in thermal bonding.
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2
LITERATURE REVIEW
In this section term nonwoven, importance of nonwovens in world market, production methods and applications are discussed. One of the most used methods of
production of nonwovens and the processing variables affecting the method of production and resultant fabric quality are discussed. Some of the recent experiments,
obtained results and conclusions on thermal bonding relating to current research are
discussed in this section.

2.1

NONWOVENS

Most widely used methods for the fabric formation are weaving and knitting. Yarn is
the constituent element for both these method of fabric formation and is prepared by
aligning the fibers in more or less parallel direction and then holding the constituent
fibers in position by frictional force of twist.
Weaving is a method of constructing fabric by interlacing two sets of threads or
yarns warp and weft. Weft is the horizontal set of yarn which interlaces with the
vertical set of thread warp. Fabric produced from weaving of yarns is called thewoven cloth. Generally weft is softer than the warp. Quality of the resulting woven
cloth can be manipulated by selecting different type of fibers, yarn and the process of
manufacture. Woven cloth is well suited for apparel and many house hold applica6

tions. Woven cloth also finds its application in a wide range of industrial and manufacturing applications.

Knitting is a method of producing fabrics by interlocking loops of yarn. Fabric is
called the knitted cloth. Both woven and knitted cloths have there own good properties and are very widely used for apparel industries.
The manufacturing process for woven or knitted process of fabric formation involves
several steps and is labor intensive. Woven or knitted products can’t be used for
disposable and numerous industrial applications. The demand for high production
rates ease of manufacturing and disposable application brings nonwovens.
Nonwoven fabrics are products made of parallel or random laid, natural or man made
fibers, bonded together with applied adhesive or thermoplastic fibers under application of heat and pressure or by mechanical entanglements [10]. In simple words they
are not wovens.
Advantages of nonwoven fabrics are:
1. Higher production; can reach up to several hundreds of meter’s per min,
2. Wide range of products; from flat or, porous sheets, paper thin or thick like
gossamer like,
3. In different weight range; from 1 ounce per square yard to several hundred
ounces per square yard.
4. Based on the required end products there are wide ranges of manufacturing
techniques; carded, thermal bonded, air laid, wet laid, melt blown, needle
punched, spun bonded, wet-laid, spun laced or hydroentangled etc.
Quality of nonwovens depends on method of production and different variables: raw
material, operating conditions used for production. Required end product can be
produced by choosing right process and production variables. Essentially these are
engineered fabrics. Success of nonwovens comes from the ability of industries to
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choose technologies and to manipulate production process to get desired end use and
economy of production [11].

2.2

WORLDWIDE NONWOVEN STATISTICS

Nonwoven is a global industry with overall consumption of more than 5 billion
pounds. Figure 1 shows the growth in consumption of nonwoven fabrics annually in
United States and Canada. By 2010 volume is expected to increase to 1025 thousand
metric tons. Overall trade is increasing throughout the world including the developing countries. North America accounts for about 30% of worldwide nonwoven
consumption. Major disposable products are medical disposables, wipes, softener
substrates and filtration media. Examples of such products are: diapers, sanitary
napkins, tampons, training pants, incontinence products, cosmetic applications,
removers, lens tissue, vacuum cleaner bags, tea, coffee bags. Some of the largest
durable end uses are apparel interlinings, furnishing, laminated fabric backing, carpets, electronic components, geotextiles and agricultural products [12].

Figure 1. North American (US and Canada) nonwoven volume output [12].
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2.3

MANUFACTURING PROCESSES

Figure 2 shows the major nonwoven production techniques in US and Canada. Spunbonding is one of the major processes of manufacturing the nonwovens. About twothirds of spun bonded webs are made from polypropylene. Spun bonded webs are
used for largest demands of nonwoven products; coverstock, geotextiles, medical
disposables, furniture backing, carpet backing and industrial apparels. Figures 3 and
4 shows manufacturing techniques used for disposable and durable end uses. Spunbond technique accounts for almost a third of the production processes [12].
Japan produces more than a quarter of world’s nonwoven production. Figure 5 shows
nonwoven manufacturing processes used in Japan. Spunbond process is the second
largest process in Japan after needle punching which is almost a third of the production process. Similar to North America largest nonwoven application of Japan is
from coverstock, medical products and disposable products [12].

Figure 2. Major nonwoven process in North America [12].
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Figure 3. Nonwoven technologies in disposable end use (lbs) product manufacturing in
North America [12].

Figure 4. Nonwoven technologies in durable end use (lbs) product manufacturing in North
America [12].
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Figure 5. Nonwoven technologies for product manufacturing in Japan [12].

2.4

PRODUCTION OF NONWOVENS

Basic raw material for the nonwovens is a entangled fiber web. Nonwoven manufacturing process involves the process or means to hold these constituent individual
fibers so as to form the fabric. Method of manufacturing depends to a large extent on
the required end use. Different methods of manufacturing are listed in the following
sections.

2.5

BONDING

Bonding is joining of two different materials by external force. It is one of the important steps in polymer processing. It is through the process of bonding in which
polymer raw material in the form of film, fiber, pellets are bought in to ultimate
useful products such as nonwovens fabrics, film containers and fiber filled polymer
matrix composites. Thermal bonding is the process of joining of two materials by the
application of heat energy.
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2.5.1 MECHANICAL BONDING

Mechanical bonding of fiber webs involves achieving entangling by means of mechanical force. Under mechanical bonding, the two most widely used methods are
needle punching and spunlacing (hydro entanglement). Needle punched nonwovens
can be produced from both natural and man made fibers. Products have wide range
of applications and products are popular all around [13]. Needle punched fabric is
heavy and soft suitable for felting, interlining and filtration applications [14].
Spunlacing is a process of entangling a web of loose fibers on a porous belt or moving perforated or patterned screen to form a sheet structure by subjecting the fibers to
multiple rows of fine high-pressure jets of water. Fabrics made by spun lacing have
some specific properties like, soft handle and drapability [15].

2.5.2 CHEMICAL BONDING

Chemical bonding involves bonding the individual fibers by using a chemical binder.
Most commonly used methods are spraying, saturating, foam bonding, print bonding
and powder bonding. Adhesives are used as means to hold the fibers at bond point or
bond spot.

2.5.3 THERMAL BONDING

Thermal bonding is the method of bonding the fiber/film/fiber web using the thermal
energy. Thermal bonding is the most extensively used efficient bonding technique in
12

nonwoven industries, where a thermoplastic film, fiber or powder is made to hold the
constituent elements of the web by thermal energy.
One of the most important requirements for the thermally bonded nonwoven production is the thermoplastic polymer component known as binder. Generally used binder
fibers are; polypropylene, polyester, polyamide fibers. Sheath and core type of bicomponent fibers (PET/Co-Pet, PP/PE, PET/PE) are also popular in nonwoven
manufacturing. So the thermally bonded nonwoven production can include:
1. Fiber web of continuous or staple thermoplastic homopolymer, or bicomponent fibers,
2. Binder fibers well blended with the non thermoplastic fibers or natural fibers
like cotton laminate structure of thermoplastic fiber web and natural fiber
web
3. Laminate structure consisting of two or more fiber webs containing one
thermoplastic fiber web or low temperature melting thermoplastic binder
powders.
4. Needle punched web of thermoplastic fibers with or without thermoplastic
binder component [16].
Some of the popular methods of bonding which use the thermal energy for bonding
are discussed in the following.

2.5.4 THROUGH-AIR BONDING

Through air bonding uses convective mode of heat transfer. Fiber web to be bonded
is passed through heating zone and retained for some specific dwell time depending
on web thickness, type of fibers, and temperature of heated air. Bonding is accomplished by blowing heated air.
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There are different types of through air bonding equipments with different designs of
heating zone and means of carrying the web.

Schematic of a flat bed through air

bonding oven is shown in figure 6. Hot air in heating zone is circulated by reheating
made to pass out through exhaust. Resultant fabric is homogeneously bonded and
suitable for filling, furniture padding and filtration applications.

2.5.6 ULTRASONIC BONDING

High frequency electromagnetic energy is converted into mechanical (friction) energy. Schematic of Ultrasonic bonding arrangement is shown in figure 7. Main
element is the horn which vibrates a precisely machined metal part at ultrasonic
frequency of about 20 kHz. Below the machines part or horn is the rotating drum
with engraved pattern through entire surface. The engraved pattern is designed to
coincide with the metal tip below the horn. Product to be bonded is passed between
the nip of metal piece and rotating drum. The nip can be adjusted depending on the
thickness of the webs. Fiber web gripped between the vibrating horn and rotating
drum undergoes frictional energy of vibrating horn. The mechanical energy acting
between the fibers generates thermal energy and inter fiber bond occurs between the
gripped fiber bundles. This method is suitable for bonding of laminate products [12,
13].

2.5.7 INFRA-RED (IR) BONDING

Infra-red wave of wavelength in range 760-10,000 mµ is used to generate the heat.
Absorbed radiant energy generates heat which bonds the fibers. Non absorbed radiation is extinguished in the medium.
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Figure 6. Schematic of flat bed through-air oven bonding [16].

Figure 7. Ultrasonic bonder [16].
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IR emitting bulbs are used as a source to generate the radiation. Since the rays can’t
penetrate the thick web, bonding of the web occurs only at the surface of the webs,
hence properties of web are retained after bonding. IR method of bonding is used
largely for glazing the surface of thick nonwovens; stabilizing needle punched geotextiles [17].

2.5.8 HOT CALENDERING

In this method, fiber web is passed through the nip of heated calender rollers. One or
both calender roller is heated internally by electrically heated circulating oil. If both
the calender rolls are smooth, bonding process is known as “area hot calendering”.
Fibers at almost all crossover points are bonded in this method hence the resultant
fabric is stiff.

2.5.9 POINT BONDING

In point bonding the fiber web to be bonded is passed between the nip of calender
rollers as shown in figure 8, among which one or both of the rollers having an engraved pattern on its surface. Engraved design pattern can be rectangular, diamond
or square shaped with series of repeats through length and circumference. Schematic
of repeating pattern on roller is shown in figure 9. Fiber web is bonded at specific
spots which come under the nip of the engraved pattern and the bottom roller.
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Figure 8. Schematic of thermal point bonding process [16].

Figure 9. Engraved pattern on the calender roller for point bonding [16].
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Figure 10. Different type of engraved pattern on rollers [18].

Point bonded fabric consists of randomly entangled fiber webs bonded together at
discrete points. Other bridging fibers which connect the bond spots retain their
structural properties. So bond points along with the bridging fibers make the resultant fabric strong and flexible. Fabric properties depend on the percentage of bond
area, fiber properties, and property of fibers at bond spot [25]. Point bonding can be
carried out using different patterns of engraved calender rollers as shown in figure
10. Diamond shaped engraved pattern is most commonly used in commercial productions [16]. In another method called “Novonet”, engraved pattern is used on both
top and bottom calender rollers. Fiber web is bonded on both sides where it comes
under the engraved pattern. Fiber web after passing the calender roller is cooled by
chill rollers before passing to the winder. Chill roller helps in taking off the heat and
solidifies the bond point [13].

2.6

SPUNBONDING

Since the introduction of spunbonding in the 1950’s large number of patents on the
spunbond process designs have been filed. REICOFIL® spunbond line was introduced in 1984 by Reifenauser GmbH Germany.
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REICOFIL® design is one of the most popular commercial spunbond line used
among many nonwoven companies. Spunbonding is a one step integrated fabric
production method consisting of filament spinning, formation of random web and
bonding. Since the process includes spinning and bonding, it’s called Spunbonding
[19]. Polymer pellet is fed in to the hopper by vacuum suction. Pellets are melted by
the hot walls of barrel and pushed forward by the flight of screw [20]. Viscous molten polymer melt then passes through the screen pack which separates the lumps.
Pressurized molten polymer is conveyed to a metering pump which regulates the
quantity of melt delivered to die assembly for spinning [21]. Die block assembly
consists of feed distribution and spinneret. Feed distribution manages the uniform
distribution of melt all the way through the width of the die. Spinneret consists of
single metal block with thousands of very precisely drilled orifice. In commercial
spunbonding many spinnerets are placed adjacent to each other so as to produce
lager number of fibers [22].

After spinning, the filaments are cooled and stretched in a chamber by quench air.
Filaments are drawn down by air pressure and sucked by venturi suction created by
the pressure of air. Distribution chamber causes entanglement of filaments and filament web in highly entangled state is laid on the moving sieve belt. Fiber web is
finally thermal bonded by the nip of calender rollers. Chill roller cools the bonded
web and finally fabric is wound on the winding unit [23].

2.7

IMPORTANCE OF THERMAL BONDING

From the world wide statistics of production process and the major end use of nonwoven products it is evident that thermal bonding is one of the most widely used
methods for the production of nonwovens. Thermal bonded nonwoven product usage
is expected to grow further.
19

Some of the advantages of thermal bonded production process are; increased production speed, no need to evaporate any solvents as in chemical bonding, no finishing,
no effluents are released, better quality products; flexible, soft, low raw material
requirements and fabric is non toxic [24].

2.8

FORMATION OF BOND BETWEEN POLYMERS

If the adhesive powder is used as means to achieve the bond, molecules of the binder
melt and in liquid state encapsulate the fibers. Bond formed after solidification is due
to the physiochemical attractive force between two different molecules. [13].
According to adsorption theory, during thermal bonding viscoelastic deformation of
the interface occurs along with diffusion of molecules. Bonding takes place by mutual diffusion of molecules between the interfaces. Molecules are attracted by vander-waals force of attraction. Web attains strength after the solidification. This type
of bond is called cohesive bond [26, 27, 28, 29].
Diffusion theory states that bonding between the compatible polymers involve wetting of interface followed by mutual diffusion of molecules. Diffused molecules
entangle with each other to form the bond [30, 31, 32]. Thermal bonding occurs in
three steps; melting due to thermal energy, formation of bond through diffusion,
entanglement of molecules and finally cooling or solidification [33].

2.9

STRENGTH LOSS DURING BONDING

Two main reasons for the loss of strength during the bonding process are thermal and
mechanical damage. Properties of polymer film or the fiber to a greater extent depend on the manufacturing process. Almost all the industrial fibers are semicrystalline with different percentage of crystallinity.
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Schematic diagram of two different phases of fibers before bonding is shown in
figure 11 [34]. These two regions are interconnected along the length of the sample.
The crystalline portion is well packed and contributes to the stiffness strength, durability and thermal resistance and stability of fiber, whereas the amorphous region
contributes to the extension, pliability, recovery, dyeability and moisture uptake.
Percentage of crystalline and amorphous segments in fiber of film depends on
method of manufacturing. Crystalline segment is formed by ordering of chains (nucleation) and mutual addition (growth). Amorphous portion interconnects the
different crystalline segments. [35]. Extent of association between crystalline and
amorphous portions determines the property of the resultant fiber.
During thermal bonding, the individual fibers are joined together by the external
force in-terms of pressure and temperature of calender roller with pattern. Inter fiber
connection requires sufficient melting and diffusion of polymer chains. Formation of
bond involves melting of ordered chains, diffusion and entanglements of chains in
between the fibers. For a constituent fiber to regain strength at bond spot these fibers
have to regain or restructure new association within the chain segments.

Figure 11. Fiber morphology before and after thermal bonding.
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Fibers in commercial thermal bonding process remain in the bond spot just for a
fraction of seconds and there is no sufficient time for cooling or to regain the lost
structure. Structural integrity of fibers is lost during bond formation. Also, compression of fibers under hot calendering roller damages fibers mechanically. Pressure of
the calender roller generates stress concentration on fibers at bond spot. Fibers at
center line of bond spot will be strained more compared to the fibers at the edge [36].

2.10

PROCESS VARIABLES AFFECTING BONDING

Main process variables affecting the thermally bonded fabric properties are calendering temperature, pressure and dwell time of web in the nip. Also polymer grade and
fiber properties have influence on the final quality of the web.

2.10.1 TEMPERATURE

Strength and elongation of the web continue to increase with bonding temperature
till certain optimum range and then decrease. Initial increase is due to formation of
good fiber to fiber bond. Typical stress strain curves of a polypropylene web bonded
at different calendering temperature is shown in figure 12. Tensile modulus increases
with increase in temperature from 140˚C to160˚C but the elongation decreases after
150˚C and strength drops above 160˚C [36]. As the temperature increases fiber
morphology is lost due to excessive melting. Samples bonded at lower calendering
temperatures failed by disorientation of bond site. Fibers were pulled out of bond site
due to slippage due to under bonding.
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Figure 12. Typical load-extension behavior as a function of bonding temperature [36].

At certain temperature range, the peak bond strength is achieved as a result of optimum bonding. This is the result of well dispersion and entanglement of chains
between the fiber interface simultaneously fibers retain there structural integrity. At
higher bonding temperature, failure occurs by breakage of filaments at the periphery.
Fiber failure at higher temperature is due to the loss of fiber morphology and stress
concentration near periphery. Bond site contains totally melted and fused fibers.
This failure mechanism is due to the brittle failure of the bond site which indicates
over bonding [37].

2.10.2 PRESSURE

Pressure is required so as to achieve sufficient heat transfer through conduction to
melt the interface of fiber bundles. Pressure is found to have very little influence on
the fabric performance once the fiber to fiber contact is achieved at bond spot. Increase in pressure causes increased temperature at the nip by Clapeyron effect.
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Warner illustrates about 15 ºC raise in temperature by higher bonding pressure due to
Clapeyron effect [38]. Above the minimum pressure required, depending on the web
basis weight, pressure changes have shown very little influence on web strength.

2.10.3 CONTACT TIME

Contact time is the total dwell time of fiber web in the nip of calender rollers. Higher
the production speed shorter the contact time. Bechter et. al. reported that temperature needs to be increased in order to compensate for higher speed. Higher speed
results in increased pressure because of centrifugal force acting on the moving fabric
[39]. Higher contact time is expected to increase the wettability of interface due to
melting [40]. Longer contact time can cause heat setting due to stress relaxation in
fixed length. Heat setting produces stiff bond points, which affects the fabric properties [41]. It is important that the webs have sufficient time for the bonding to be
complete to achieve optimum properties.

2.10.4 EFFECT OF POLYMER GRADE

Polymer type, co-polymer, polymer melt flow rate (MFR), and molecular weight
distribution (MWD), have influence on the structure and properties of the spun fibers. Fiber properties in turn influences on the nature of bond and fabric strength.
Misra et. al. studied the spinnability of polypropylene with different MFR and MWD
[42]. It was found that higher MWD resulted in higher orientation, crystallinity and
strong fibers. Wide MWD resulted in high density and low birefringence in the
fibers.
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2.10.5 EFFECT OF FIBER PROPERTIES

Fiber diameter is one of the most important parameters which influence the bond
strength. In earlier studies it was found that the finer fibers perform better due to
increased surface area and interfacial contact [43]. Jaffe (1978) studied the thermal
behavior of polypropylene fibers with different orientation. Fibers spun with lower
spin line stress levels contained spherulitic crystalline structures and these with high
spinline stress contained row-nucleated crystal structures. Fiber with the disordered
smaller crystals at the surface melts well while retaining the inner orientation. Such
fibers are supposed to perform better in thermal bonding [44].

Chidambaram A. carried out thermal point bonding of C-T196 which according to
patent C-T196 used in this research has high concentration of oxidative chain scission degraded material [45]. Fibers with low birefringent surface forms better bond
without strength loss. Inhomogeneous straining and fiber property variability significantly reduces the strength [35]. Low birefringence sheath fibers have randomly
packed co-polymer chains at the skin.

Recently bi-component fibers are used in production of thermally bonded nonwovens. Bi-component fibers are produced by spinning together two polymer
components. In other words they are fibers with two components. Usually sheath
component is selected in such a way that it melts at relatively lower temperature
range compared to the core Example: polyethylene, co-polyester. Advantage of bicomponent fibers comes from the fact that during thermal bonding, surface adhesion
occurs by low melting sheath component while high melting point core component
(polyester, polypropylene) retains required mechanical properties.
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2.11

EARLIER STUDIES IN THERMAL BONDING

Most of the researches done in the thermal bonding were on;
1. Fiber morphology and its effects on fabric properties
2. Equipment parameters (engraved patterns, percentage of bond area)
3. Processing parameters used (temperature, pressure, time)
4. Modeling of process and failure mechanism (fiber orientation)
5. Microscopy studies of failed web samples.

2.11.1 BONDING OF FILMS

In earlier studies done on bonding between polymer films it was observed that peak
strength occurred near the peak melting point of polymer from their DSC curve [46].
Imachi et. al. studied the hot melt bonding of polyethylene films and tin-lead and tinbismuth alloy.
PE sheet placed on the two different alloys in oven for dwell time of 45 min at different bonding temperatures. Argon was used as inert gas. Samples were subjected to
peel test. It was found that the peel strength was maximum at bonding temperature
near the vicinity of the melting point and decreased with increase in temperature
[47]. Sanchez-Valdes.S. et. al studied the fusion bonding studies on extruded films.
Blends of LLDPE and LDPE-grafted with maleic anhydride were used to promote
the fusion bonding to polyamide in three extruded layers. Effect of bonding time and
molecular weight of different malleated polyethylene’s on the peel strength of joints
was analyzed. There was noticeable increase in the peel strength near the melting
point of both polymers.
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Strength increased with the maleic anhydride content and bonding time. Increase in
strength with time was due to the longer time available for the diffusion reaction
between MA and PA and entanglement of chains [48].

2.11.2 FIBER BODING STUDIES

Mukhopadhyay et. al. carried out the fiber loop test to study the effectiveness of
thermal bonding. Schematic of testing set up is shown in figure 13. Interlocked fibers
were clamped and subjected to required tension in a closed chamber. Fibers under
tension were bonded by increasing the chamber temperature. After rapid cooling one
of the tips of both loops was cut. Bond strength was measured by measuring the
force required to break the loops apart. Three different co-polyester and four different polypropylenes were used for their studies. Experiments were carried out at a
heating rate of 200˚C, dwell time of 60s, bonding temperatures of 150˚C and 160˚C.
Different tensions used were 10 and 20mN.

Figure 13. Schematic of Mukhopadhyay’s loop bonding test experiment [49].
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Optimum air temperature was found at which the bond strength is maximum and also
increased contact time gave good results. Based on the strength and SEM studies
they found that the polypropylene fibers bond better compared to co-polyester fibers
[49]. SEM pictures of two different polypropylene fibers bonded at 160˚C and their
respective bond strengths were compared. It was found that the polypropylene fiber
bonded well between the interfaces without affecting the bulk gave better bond
strength than the other polypropylene fiber with change all through the structure
[49]. Experimental setup used in this study is a good estimation of what happens in
through-air bonding but results are not representatives of thermal point bonding [50,
35].
Chidambaram A. carried out thermal point bonding by oil heated calender rollers
[25]. Pair of fibers was crossed over at 45˚ angle attached to craft paper by glue.
Control fibers were also attached to the craft paper. Sample thus prepared were
bonded in nip of smooth oil heated calender rollers. Materials used in this research
were; T196 polypropylene fibers,V-T196 and T196 with different draw ratio, CT196 and t196 with finish, finish extracted C-196 fiber and bi-component fibersPP/PP, RC/PP, PE/PP, PE/PET. Effect of bonding temperature, pressure and roller
speed on boding performance was studied. Major findings from this research were;
fiber degrades due to the bonding process, and degradation due to the temperature
and not due to the mechanical force. Fibers with low birefringent surface forms
better bond without strength loss. Inhomogeneous straining and fiber property variability significantly reduces the strength [35].
Dharmadhikari et. al. attempted to measure the bridging fiber strength loss after
point bonding. Two different polypropylenes were selected and bond strength studies
of fibers (point bonding) and carded webs (Novonette bonding) were carried out.
Tensile testing of two adjacent fiber bond points with connected fiber fringe was
carried out.
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Major findings from this research were; fibers which can be bonded at lower bonding
temperature forms better bond, at optimum bonding conditions there is about 19 %
strength loss, bridging fiber strength reduced significantly after thermal bonding, and
at the highest calendering temperature there is about 32% loss in fiber strength [50].

Kim.H.S. et. al. in their thermal bonding studies on the sheath-core type (PET/PE)
bi-component fibers bonded by arranging them right angle to each other in between
the heating zone of 10 mm gap. Fibers were subjected to tension by hanging weight.
Bond strength was measured by pulling three ends and measuring the breaking force.
Observations and conclusions drawn from this research were; bonding of two
crossed bi-component fibers occurred by melting and flowing of sheath component
surrounding the crossover points to minimize surface energy. Fiber diameter near the
cross-over point decreased with the melting of sheath. Time needed to form the bond
in case of bi-component fibers was 0.6 power of the fiber diameter. In case of underbonding fracture occurred between the interfaces. In case of over bonding fibers
break at minimum fiber diameter. Optimum bonding time is proportional to about
0.8 power of the fiber diameter [51].

S. Chand et. al. studied bonding of polypropylene fibers with different orientation
and crystallinity. Spun fibers with different morphology were chopped to form staple
fibers. Fibers were carded and thermally point bonded using a calender. Significant
change in fiber morphology was observed in both bond spot as well as in unbounded
regions. Extent of change in morphology was dependent on the original fibers. Fibers
with low crystallinity and birefringence with low fiber strength gave better bonded
fabric. SEM images of as spun fiber showed good melting and formation of better
bonds [53]. Polypropylene filaments were spun with blends of different MFI (3 MFI
and 35 MFI) Filaments were thermally bonded using the silicon bath and bond
strength of blended filaments is compared with the individual components of the
blend.
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Degrees of melting of blended filaments were higher than that of control. Onset
temperature decreased with the increase in high MFI polymer. About 25% increases
in bond strength was observed in case of blended filaments [54].

2.11.3 THERMAL BONDING OF FIBER WEBS

Wei et. al. studied the effect of bonding temperature, fiber structure and morphology
on the resultant textile properties of polypropylene nonwoven fabrics. Polypropylene
fibers with different denier, draw ratio, staple length were used to prepare the carded
webs. Webs were directly bonded at different temperature ranging from 135˚C to
173˚C. Bonded webs were characterized using different testing methods. Findings
and conclusions from this research were; lower birefringent fibers form stronger
fabrics with less shrinkage, fabric shrinkage observed at higher calendering temperatures in both MD and CD [55]. Kim et. al. did experiments to study the processing
variables, fabric properties and failure mechanism with regard to orientation distribution function (ODF). Polypropylene staple fibers were used to prepare the carded
webs. Three sets of thermally point bonded fabrics were produced at different processing conditions. Image analysis system was used to analyze the orientation
distribution and failure mechanisms.
Major conclusions from their research are: mechanical properties are affected by
temperature, bond area and pressure has very little or no influence. Geometry and a
distribution of bond spots have a great influence on properties of web. Failure of
structure in lower temperature is due to the interfacial slippage and at higher temperatures due to fracture [56].
Smith et. al. studied the effect of bond roller pattern, bond area and temperature on
the microstructure and tensile, flexural rigidity and abrasion resistance properties of
polyethylene nonwovens.
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Carded webs are prepared from staple fibers of two different Polyethylene fibers
with different properties. Webs were thermally bonded using different calender
rollers with different bond area and bond size in temperature range from 112˚C to
119˚C.
Findings of this research were: increase in side wall angle increases the fabric tenacity, decreases in bond point concentration increases the web elongation and increase
in calendering temperature increases strength, abrasion resistance and stiffness [57].
Jangala et. al. investigated the influence of bond area, bond size and bonding temperature on structure and properties of point bonded nonwoven fabric. Polypropylene
staple fibers were carded and calendered at different temperatures using different set
of calender rollers. Each of these rollers had different pattern so as to form point
bonded fabric with range of bond area and bond size.
In their studies they found that; for both staple and continuous fiber systems bond
strength increases with temperature, reaches an optimum strength, and then decreases. Bond strength increases with increase in bond size and bond area for both
staple and spunbond fabrics. Fiber morphology changes in the bonded and unbounded area of the web. Crystal size in bonded regions was higher. Effect of bond
area and bond size on the fiber morphology is insignificant [58].

2.11.4 BONDING BETWEEN NATURAL AND MANMADE FIBERS

Rong et. al. (2004) investigated the effect of binder fiber distribution on mechanical
properties of thermally bonded nonwovens. Cotton based nonwovens were produced
using

cotton,

polyethylene/polyethylene

tar/polypropylene (Eastar/PP).
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terephthalate

(PE/PET),

Eas-

They observed increase in strength of nonwoven with increase in the binder fiber
composition and bonding temperature. Strength of all samples increased with increase in bonding temperature and the strength decreased beyond certain optimum
temperature [59].
Although many studies have been done to understand material and process variables affecting thermal bonding, influence of polymer grade, fiber properties, and
process history of raw material on the properties of end products is not clear. Effect
of bond area, bond size, pressure, temperature, fiber orientation and failure mechanism has been studied on polypropylene and some bi-component fiber webs. Effect
of these material variables on the resultant property of fabric has not been studied.
It is just known that bond strength drops in the presence of finish content, but effect
of different concentrations, types of finish along with temperature variables on the
final nonwoven properties is unknown.
Reason for this lack or research is due to the fact that it is impractical to carry out
large scale experiments on production process. Experiments in large scale production
lines are highly expensive and difficult to replicate.
Since the thermal bonding method is a widely used process quick and representative
screening process to determine most important process variables for mass production
for different polymers is essential to avoid waste due to quality deterioration.
In this research, an endeavor has been taken to understand and determine possibility
of predicting the bonding behavior in fabric stage through the film, fiber, filament
bonding studies using different type of heat sealers. Studies are carried out on different grades of polypropylene cast films. Then study is extended to polypropylene
fibers with different processing and mechanical properties. Impact of spin finish on
the bonding of film, fiber, fiber web and resultant quality of fabric are also studied.
Important process variables during testing; time, temperature and pressure were
closely selected to match the industrial set up. This study is an attempt to answer
some of the important questions related to thermal bonding.
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3
EXPERIMENTAL

In this section materials and experimental methods used are discussed. Bonding
studies were carried out on three different forms: films, fibers and fiber webs. In the
earlier sections, materials used, manufacturing processes, and bonding methods used
are discussed. Later on testing and characterization techniques used to evaluate the
bonded samples are discussed.

3.1

MATERIALS AND PROCESSING

Three different grades of polypropylenes were used for the films study. Two of them,
35MFR Ziegler Natta catalyzed PP (PP-Z) and nominal 35 MFR metallocene catalyzed PP (PP-M) were obtained from Exxon-Mobil Chemical Company. Another
lower MFR PP (PP-H) was obtained from Hercules. The metallocene catalyzed PP
has a lower melting temperature than the regular PP. In addition, five different PP
cast films were supplied by Sunoco.
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3.1.1 PREPARATION OF FILMS

The film samples were prepared in our Laboratory using a Randcastle Microtruder
with a screw diameter of 0.5". The extruder was customized with a slit die and a chill
roll for the production of film. This chill roll is cooled with a water bath. The chill
roll also had a winder to facilitate the rolling of films (figure 14). Different temperatures were used in the three different zones of the extruder for three different
polymers.
Screw speed, winder speeds and die to collector distance (DCD) were attuned to get
polymer film samples of consistent width. Polymer film samples of width around 0.5
inches were produced [1].
The polymer melt after coming out of the die in the form of film passes over the chill
roller, cools itself and then wound on to the winder. As per the previous study conducted on Randcaster, it was observed that the cast film properties depend on the
distance between the die and the chill roll, take up speed of the winder, and also on
the extruder screw speed. The material throughput is regulated by the screw speed.
Molecules are arranged in direction of stretch. So, as the distance between the die
and the chill roll increases, the orientation and crystallinity increase in the resultant
film. Higher the die to chill roll distance, higher will be the orientation and crystallinity of the cast film. In this case, two different DCDs were used for each of the
polymer. Properties of these films are discussed in results and discussion section.
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Figure 14. Polymer film casting using the Rand caster [60, 73].

3.1.2 FIBERS

All the fibers used in this study were obtained for commercial suppliers or spun in
our labrotry. PE-PET bi-component fiber and Biomax polymer were obtained from
Du-pont. PLA polymer was received from Dow Cargill. Biomax and PLA were
melt-spun in house using the Fourne melt-spinning unit. Eastar-PP fibers were obtained from Eastman chemical company.
Polypropylene fibers with different processing conditions, polymer properties, crosssection, melt flow rate and denier, were received from Sunoco chemicals. Properties
of these fibers are shown in table 1. In addition polypropylene fibers produced from
different polymer composition and grades, under different conditions were also
obtained from Sunoco. Properties of these fibers are shown in table 2.
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Table 1. Filament sample details.

Peak Force

Peak Elongation

(kgs)

(%)

Delta

1.533

80

5.8

18

Round

3.801

47

7.9

18

LMFR

4.041

47

7.2

4.2

HMFR

2.721

41.29

5.6

14

HDPF

5.987

45.06

16

18

LDPF

3.801

47

7.9

18

Sample

MFR

Denier

(dg/min)

Table 2. Description of fiber samples.

Sample

Type

MWD

Draw ratio

Spin speed

Denier

4.3

3.1

1430

2.4

Impact co1

polymer
Impact co-

2

polymer

4.5

3.1

1430

2.6

3

Homopolymer

2.5

1.45

1310

2.7

4

Homopolymer

3.3

1.45

1310

2.8

5

Homopolymer

3.6

1.45

1310

2.7

6

Homopolymer

3.3

1.45

1310

2.8

7

Homopolymer

3.4

1.45

1310

2.9
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Also several bi-component fibers were supplied by Kosa. These include: T-254
(PET/CoPET), T-256 (PET/PE) and T-258 (PP/PE). PP fibers with different type of
finish, t-193 and t-198 were obtained from Fibervisions. PP fibers with three different levels of finishes were spun on hills fiber line at Sunoco chemicals. Also PP
fibers with different type of spin finish were supplied by Fibervisions. For spin finish
studies, two finishes, one hydrophobic and another hydrophilic were obtained from
Goulston Tech.

3.1.3 BONDING OF FILMS

The Wabash hydraulic hot press was used to bond the cast films. Samples were
overlapped for about half inch distance and bonded at a range of temperatures. For
efficient heat transfer, aluminum foils were placed in the actual bond area, under and
above the film samples as shown in figure 15.

Figure 15. Bonding of cast films in the hot press.
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Before studying the influence of temperature, effect of contact time and pressure was
studied. For this PP-Z films were used and a bonding temperature of 130 oC was
used. For temperature series, bonding temperatures in the range of 120 to 155 oC in
the interval of 5 oC were used. In all these cases bonding time used was 2 secs and
the pressure 2 bar. The bonded polymer film samples were tested using the 100pound load cell, at a gauge length of 3 inches.

3.1.4 BONDING OF FIBERS

Fiber bonding studies were carried out using two different sealers: HTH2 sealer and
a constant heat sealer. Since the contact time, sealing pressure were different for
these sealers we have not stated the comparison between these two studies. Dynisco
HTH2 Hot Track heat sealer is shown in figure 16. Samples were bonded at preset
closure time and pressure of hot plates. The instrument specifications are listed in
table 3.
Combed fiber bundles were overlapped at fixed distance and placed in between the
two hot plates of the Dynisco Heat Sealer. Fiber bundles were bonded at preset
closure time and pressure. Tweezers were used to place and remove the bonded
fibers. Process of bonding depends on sealing pressure of hot plates. Fibers were
bonded at series of different bonding temperatures with constant closure time of 25milli seconds and 200-psi pressure. The effect of bonding temperature on the bond
strength is discussed. In each case, 10 fibers were combed, overlapped at 1cm, and
bonded using the heat sealer.
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Figure 16. Dynisco Hot Tack Heat Sealer [61].

Table 3. Specifications of Dynisco Hot sealer.

Specifications
Sealing temperature range

50-400°C

Closure time

25 ms-20 sec

Sealing Pressure

2 Psi -600 Psi
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Figure 17. Constant heat sealer.

Constant heat sealer (figure 17) was also used for fiber bundle bonding studies. Fiber
bundles were overlapped at about 1 cm and bonded for less than 2 seconds. Strength
variation with temperature was analyzed. Bond points were analyzed using SEM
photographs.

3.1.5 WEB FORMATION AND BONDING

Bi-component fibers and polypropylene fibers were carded and the webs were calendered at different temperatures as shown in figure 18. Carded webs were prepared at
two different places once using a modified Hollingsworth card at STAR Lab and
another time using the SDS Atlas card. Thermal bonding studies were carried out on
these bi-component fiber webs.
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Figure 18. Carding and calendering of bi-component fiber.

Working elements of SDS Atlas card are shown in figure 19 and the machine specifications are included in table 4. This allowed us to prepare webs of 30 mm wide and
119 mm long. Fiber mass fed was controlled to achieve web weights of about 35
gsm.
Webs were bonded using the Kuster calender with about 15 percent contact area.
Effect of calendering temperature on the web tensile strength and stiffness was investigated. The line speed was 10 meters per min and bonding temperatures were
different for different fibers.
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Figure 19. Schematic diagram of working parts of card.

Table 4. Specification of card.

Specifications
Working width

500 mm

Web delivery speed

10-15 m/min

Output maximum

4kgs/hour

Carding cylinder

430mm

Doffing cylinder

330mm

Workers

3 x 115mm

Strippers

3 x 60mm

Take off

web drum

Drive

2HP/1400 RPM
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3.1.6 FINISH APPLICATION

Two different types of spin finish: hydrophobic and hydrophilic were used to study
impact of spin finish in thermal bonding of film, fiber and fiber web. The finishes
were applied by diluting the provided finish with distilled water and spraying them
on films or webs. The films were dried before bonding. Finishes were sprayed on
moving web during spunbonding. For comparison process webs sprayed with water
and bonded under similar conditions. Lightly calendered webs prepared from 35
MFR PP were sprayed with finishes at different concentrations and after drying
calendered using the Kuster calender at different temperatures. Effects of temperature variable in presence of finish content on resultant fabric properties are
determined.

3.1.7 SOXHLET EXTRACTION

Finish extraction was carried out on fibers containing finish provided by Fibervisions. Fiber sample was placed within the porous cellulose thimble in the extraction
chamber (figure 20). Methanol solvent in bottom flask was heated till it boils and
evaporates to condenser. Vapor condensed solvent continuously tickles and seeps
through the permeable cellulose thimble. Finish on the fibers is removed by repeated
washing with methanol solution [62]. Extraction was carried out for 12 hours and
finally fiber samples were dried overnight at 60˚C. Thermal bonding studies of fibers
with finish and extracted fibers were carried out using the Dynisco sealer.
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Figure 20. Methanol Soxhlet extraction of fibers.
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3.2

TESTING AND CHARACTERIZATION

Control films, fibers, fabrics, thermally bonded films, fiber bundles and nonwoven
webs were characterized by different tests. Almost all of the textile testing was
carried out at standard atmosphere for textile testing, with room temperature of 21 ±
1˚C and relative humidity of 65 ± 2%.

3.2.1 SEM

Scanning Electron Microscopy (SEM) images of the bonds failure mechanism and
fiber surface during and after bonding were taken using the Leo 1215 Field emission
gun. The samples were coated for 10 seconds using the SPI sputter coater. Image
magnification was in the range of 50 to 1700X.

3.2.2 DIFFERENTIAL SCANNING CALORIMETRY

Thermal analysis of polymer films and fibers was carried out using the Mettler
Toledo DSC 822 thermal analysis system. Instrument was calibrated using indium
with the melting temperature of 156.5˚C and heat of fusion (∆H) 28 J/gram.
Samples were heated at a heating rate of 5˚C per min in nitrogen supply of 100
milliliter per minute. Enthalpy of melting (∆H) of 100% crystalline sample is taken
as reference to calculate crystallinity of sample. ∆H values for some of the 100%
crystalline polymers are included in table 5 [63]. Polymer bonding temperature
ranges were selected based on the melting information of polymers.
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Table 5. Enthalpy of melting (∆H) of 100% crystalline polymers.

∆H of 100% crystalline
polymer (J/gram)
PP

190

PE

289

PET

135.8

3.2.3 KRUSS PROCESSOR TENSIOMETER-K-14

Surface energy of the fiber affects the bonding performance significantly. Contact
angle measurement of PP films with two different type of finish (hydrophobic and
hydrophilic) is studied using the single fiber dynamic contact angle method. Contact
angle of films and fibers is determined using the Kruss Processor Tensiometer-K-14.
Distilled water is used as measuring liquid. Fiber or film sample is attached to the
rectangular piece at the end of fiber holder. Solid, liquid, and the experimental details are specified for the computer. As soon as the solid touches the water surface
the force acting on the balance is measured and registered by the instrument. Contact
angle is measured by the bellow equation
Cos θ =

F
L.σ

Where L-wetted length, F-force acting on the balance, σ-surface tension
The measurements were made according to the single fiber Wilhelmy method at
detection speed of 6 mm/min, sensitivity of 0.01g, measuring speed of 3 mm/min,
maximum immersion depth of 3 mm and minimum immersion depth of 1mm.
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3.2.4 FTIR

Fourier Transform Infrared Spectroscopy (FTIR) analysis was carried out using a
FTS 6000e and UMA 500 detector in attenuated total reflection (ATR) mode, which
uses a He-Ne laser source operating at 632.8 nm. Electronic settings used were 20
kHz, a filter of 1.2 kHz, resolution of 4 cm-1, 256 scans, at a range of 4000-400 cm-1,
and the beam intensity of approximately 8 V.

3.2.5 XPS

X-Ray Photoelectron Spectroscopy (XPS) technique depends on the energies of
photoelectrons that are emitted from atoms when they are irradiated by soft X-ray
photons. XPS measurements were carried out to estimate the surface composition of
fibers with finish. Results will be discussed in the later sections [64].

3.2.6 BASIS WEIGHT

Basis weight of nonwoven webs was measured using the ASTM D-3776-96 standard
test method. Average weight in grams per square meter of the web is calculated [65].

3.2.7 TENSILE STRENGTH

Tensile strength of the fiber bundle, bonded fiber bundle, bonded films and fabric
webs were tested using the united tensile tester. Average strength of 5 samples each
of 12 cm length and 2.54 cm width were used [66].
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Fabric webs are tested according to ASTM D 3822-91 (Standard Testing methods for
Tensile Testing of Fiber/Filament) and D1117-80 (Standard Testing methods for
Tensile Testing of Nonwoven Fabrics) for nonwoven fabrics. For fiber strength
measurements, gauge lengths of 1 inch and cross head speed of 12 meters per min
were used. Average of five readings is reported for each data point. Graphs were
plotted with error bar with ±1SD.

3.2.8 BENDING LENGTH

Bending length of the webs was measured using the ASTM D 1388-64 standard test
method for stiffness of fabric. In this method stiffness of the fabric was calculated by
using the F.R.L cantilever bending of fabric under its own weight. Bending length is
the length of fabric at which it bends under its own weight to definite extent. This
length was taken as a means to compare stiffness and the draping quality.
In this method, rectangular fabric strip of 6in × 1in is selected in each case. Sample
is placed on the horizontal platform with the engraved scale and slid at constant rate
along with template. Length is noted down when the sample bends under its own
weight and makes an angle of 41.5˚ with the horizontal platform. Each sample is
tested four times on both sides (top, bottom) and by turning (right, left).

3.2.9 TEAR STRENGTH

Elmendorf tear strength tester was used to test the tear strength of the webs. Tear
strength was tested according to ASTM D-5734. Average of five measurements is
reported in each case.
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4
RESULTS & DISCUSSION
This chapter explains the results obtained from the film, fiber and web bonding
studies. In the later sections results of the effect of spin finish on bond strength are
discussed.

4.1

BONDING STUDIES OF FILMS

Initial thermal bonding studies were carried out on the cast films. Films of different
morphology were produced by different DCD during casting.

4.1.1 FILM PROPERTIES

The thickness of the films and crystallinity values obtained from DSC for the produced films are reported in table 6. The thickness varied from sample to sample as it
was hard to precisely control them. There was also change in thickness due to change
in DCD. The higher DCD samples showed higher crystallinity values for all three
PP’s. Properties of the Polypropylene film samples received from Sunoco are shown
in table 7.
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Table 6. Thickness and Crystallinity of produced films.

Film

Thickness Crystallinity

Sample

(mm)

(%)

PPM-5

0.195

36.52

PPM-10

0.238

37.38

PPH-5

0.213

40.2

PPH-10

0.156

43.89

PPZ-5

0.24

41.65

PPZ-8

0.217

43.95

Table 7. Properties of films supplied by Sunoco.

Film

Thickness

Crystallinity

Xylene soluble

sample

(mm)

(%)

W/t (%)

S-A

0.085

38.93

4.7

S-B

0.059

38.81

4.8

S-C

0.03

30.59

3.6

S-D

0.051

33.83

2.3

S-E

0.05

39.25

2
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4.1.2 THERMAL BONDING OF FILM SAMPLES

Bonding studies were carried out on polymer films using a hydraulic hot press. Since
the film is also exposed in the unbounded region, it was of interest to see whether
exposure to heat and pressure significantly affects the film properties. Effect of
bonding conditions on the properties of the films was analyzed. A property of film
subjected to bonding conditions is shown in figure 21.
Effect on film strength is minimal under typical bonding conditions. At very high
temperatures changes in structure are observed in the polymer film. The SEM images
of original and film subjected to elevated bonding conditions are shown in figure 22.
The change in surface morphology of the films is due to melting and recrystallization
during thermal bonding.

Effect of bonding conditions on properties of film
800

Peak force (kgs)

600
0.506

500
400

0.503

Elongation (%)

700

0.509

300
0.500

200
Origional Film

Subjected to bonding condition

Figure 21. Effect of bonding conditions on film properties.
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Peak force (kgs)
Elongation (%)

(a)

(b)

Figure 22. SEM image a) original film surface b) film exposed to very high temperature.

4.1.3 EFFECT OF TIME ON BONDING OF FILMS

Film samples discussed in the previous section were bonded for different time intervals at same temperature and pressure. Results are shown in figure 23. The graph
indicates that the bond strength increases with bonding time till some point and
thereafter declines. From the data it appears that 15 seconds is the good time for
bonding. With the higher contact time there is sufficient time for intermolecular
chain diffusion and entanglement [50].
Compared to the bonding time of 15 seconds although actual strength values are
lower with 2 seconds strength drop is not that significant. In commercial bonding,
the contact time or bond time is of the order of milliseconds. Based on this, to relate
the bonding experiments to commercial bonding, all further studies were carried out
for two-seconds.
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Effect of time
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Peak force (kgs)
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35

Time (sec)

Figure 23. Effect of time on bond strength and elongation.

4.1.4 EFFECT OF PRESSURE ON BONDING OF
FILMS

To select the right pressure for most of the bonding studies, the cast film samples
were bonded at different pressures with same temperature and time. The results
shown in figure 24 indicate that bond strength decreases with increasing bonding
pressure. Since pressure of 2 bars resulted in maximum strength, in further studies 2
bar pressure was used. At higher pressure, strength and elongation decreased. This
might be due to the Clapeyron effect. These results are similar to earlier studies
where it has been stated that after required interfacial adhesion pressure has very
little influence on bond strength.
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Effect of pressure on bond strength
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10

12

Pressure (Bar)

Figure 24. Effect of pressure on bond strength and elongation.

4.1.5 EFFECT OF TEMPERATURE ON BONDING
OF DIFFERENT FILMS

Variation of tensile strength of bonds of PP films of different grade and morphology
at a range of bonding temperatures is shown in figures 25, 26 and 27. In all the cases,
bonding was done over a range of temperatures, to cover the under, over and the
optimum bonding conditions. They all show a pattern of increasing strength with
bonding temperature, reaching a maximum value at an optimum temperature and
then dropping off at higher temperatures. The optimum bonding temperature observed is slightly different for the three polymers. This observation is consistent with
earlier observations that at lower temperatures there is no sufficient bonding due to
lack of melting. At very high temperatures, too much melting and recrystallization
forms weaker material. This is reflected in changing failure mechanisms.
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Figure 25. Effect of bonding temperature on strength for PP-Z films.

Effect of temperature on bond strength of PP-H
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Figure 26. Effect of bonding temperature on strength for PP-H films.
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Effect of temperature on bond strength of PP-M
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Figure 27. Effect of bonding temperature on strength for PP-M films.

Bond strength results of Sunoco films with temperature variable are shown in figure
28. The low temperature samples show slippage, indicating incomplete or underbonding. As the bonding temperature increases, failure shifts to the bond edge. Most
of the tensile failures were observed at bond edge where the film undergoes higher
deformation.
SEM images of frequent failure points are shown in figure 29. Films with lower
orientation performed comparatively better than films with higher orientation and
crystallinity. Metallocene polypropylene films can be bonded at a lower temperature
range. Presence of finish decreases the bond strength. These results of bond strength
values are similar to earlier film bonding studies done by Imachi et. al. [46] and
Sanchez-Valdes.S. et. al.[47]. The actual strength results are different because of
difference in bonding, testing procedure and sample used. But the observed trends of
strength variation were similar to those observed in earlier results.
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Figure 28. Effect of bonding temperature on strength for Sunoco films.

(a)

(b)

Figure 29. SEM image a) most frequent failure point b) failure at the bond edge.
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Table 8. Fiber properties.

Melting point

Linear Density

50 fiber bundle strength

Fibers

(°C)

(denier)

(kgs)

PLA

170

10.5

2.172

Biomax

200

2.92

0.644

4.2

STAPLE FIBER BONDING STUDIES

Initial thermal bonding studies were carried out on PLA and Biomax staple fiber
bundles using HTT2 heat sealer. Properties of these fibers are shown in table 8.
Temperatures of sealer were selected based on the melting temperatures obtained
from thermal analysis.

4.2.1 THERMAL BONDING OF PLA

Polylactic acid (PLA) is manufactured by the polymerization of lactic acid. Cargill
Dow Polymers (CDP) manufactures lactic acid by corn starch. PLA is Polyester
manufactured by condensation of acid with alcohol [68]. PLA polymer processes
many properties similar to that of polyester. Crystallization of the PLA occurs readily since the molecules tend to assume helical structure. PLA has advantages since
it’s produced from the vegetable source and can be melt-spun [69]. PLA bond
strength variation with temperature is shown in figure 30.
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Effect of temperature on the bond strength of PLA

Bond strength (kgs)
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Figure 30. Effect of bonding temperature on strength for PLA fibers.

Fiber bond strength increases till 105˚C, and then drops at temperatures above
110˚C. The strength response to bonding temperature is quite sharp in these fibers
compared to others that are investigated. Fiber shows brittle failures at bond spots for
bonding temperatures above 110˚C. Surface shows the brittle failure or cracks. At
120˚C PLA fiber bundle completely shrinks.
SEM images of fibers bonded at different temperatures are shown in figure 31. From
the SEM images it is evident that, as the bonding temperature increases interfacial
adhession increases. Figure 31(b) shows the bond surface cracks and bond edge
cracks developed due to over bonding. Though melting point of PLA is 160˚C,
sample crystallizes at 100˚C. This might be the reason for the brittle failure at around
120˚C. Early results also indicate the high sensitivity of this material to temperature.
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(a)

(b)

Figure 31. SEM image of PLA fiber bonded a) 105˚C b) 120˚C.

4.2.2 BIOMAX-CO-POLYESTER

Biomax is a co-polymer of polyethylene terephthalate produced by DuPont which is
hydro/biodegradable [70]. The correlations of temperature and bond strengths for
Biomax are shown in figure 32. The Biomax (co-polyester) fibers show very low
strength at 120°C and then increasing bond strength over the temperature range of
130°C to 160°C. Strength shows a tendency of increasing with temperature reach as
a maximum at 160 °C, and then rapidly decreases with further increase in temperature.
SEM photographs of the bond points shown in figure 33 clearly indicate the melting
and formation of bonds with increase in temperature. Biomax fiber shows good
bonding only at or above 145 ˚C. Fiber bundles bonded at lower temperatures such
as 120˚C show fiber pull-off type of failure. Above 160˚C bonding temperature,
fibers start to shrink abruptly and bond strength drops. The melting temperature of
Biomax is 200˚C. Softening and bonding temperatures are correspondingly higher
compared to PP.
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Effect of temperature on bond strength of Biomax

Bond strength (kgs)

0.3
0.3
0.2
0.2

bond strength

0.1
0.1
0.0
110

120

130

140

150

160

170

180

Temperature (°C)

Figure 32. Effect of bonding temperature on strength for Biomax fibers.

(a)

(b)

Figure 33. SEM images of Biomax bonded a) 130˚C b) 145˚C.
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4.3

THERMAL BONDING OF PP CONTINUOUS FIBER FILAMENTS

Polypropylene filaments each with fixed number of fibers were received from Sunoco chemicals. Each of these fibers was spun at different processing conditions.
Effect of different material variables: cross-section, MFR, MWD on the thermal
bonding was studied.

4.3.1 EFFECT OF FIBER CROSS-SECTION

Results for PP continuous fiber filaments with different cross-section bonded at three
different temperatures using constant heat sealer are shown in table 9 and figure 34.
SEM image of the bonded delta fiber bundles is shown in figure 35.

Table 9. Fiber cross-section and bond strength.

Fiber

Cross-

Temperature

Peak force

Elongation

Id

section

(°C)

(kgs)

(%)

DELTA

Delta

145

0.331

25

147

0.408

27

150

0.381

10

145

0.154

5

147

0.327

8

150

0.540

9

ROUND

Round
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Effect of fiber cross-section

Bond strength (kgs)

0.6
0.4

Delta
Round

0.2
0
144

145

146

147

148

149

150

151

Temperature (˚C)

Figure 34. Effect of fiber cross-section on bond strength.

Figure 35. SEM images of PP fibers with Delta cross-section bonded at 150˚C.
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Overall strength of the delta fiber was slightly higher than that of the round fiber
bundle. This may be due to increased contact area/interface. These results are to be
interpreted carefully because of the differences in the elongation of the two fibers. It
has been shown in earlier studies that fibers with higher breaking elongation, due to
differences in their morphology are likely to show better bonding with improved
bonded web structures [2]. Also, even small differences in denier are likely to contribute some of the differences seen in bond strength.

4.3.2 EFFECT OF MELT FLOW RATE

Results for continuous fiber filaments with different melt flow rate bonded at three
different temperatures using constant heat sealer is shown in table 10 and figure 36.
There is substantial difference in variation between elongation and bond strength.
Strength values are slightly higher for fiber from low MFR. High MFR fibers are
weaker and bond strength from these fibers are lower compared to low MFR fibers.
These may be just due to the molecular weight effect. One has to remember that
these temperature differences are small.
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Table 10. Bond strength and melt flow of fibers.

Fiber
Id
LMFR

HMFR

MFR

Temperature

Peak Force

Peak Elongation

(°C)

(kgs)

(%)

145

0.336

13

147

0.362

10

150

0.431

16

145

0.231

7

147

0.295

15

150

0.340

13

4.2

14

Effect of melt flow on bond strength

Bond strength (kgs)

0.6
0.5
0.4

LMFR

0.3

HMFR

0.2
0.1
144

145

146

147

148

149

150

Temperature (˚C)

Figure 36. Effect of melt flow on bond strength.
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151

4.3.3 EFFECT OF DENIER

Normalized bond strength in case of both low and higher denier is represented using
tenacity (grams/denier) and results are shown in table 11 and figure 37. From the
results it’s clear that overall strength of low denier fiber bundle bond strength is
higher than that of higher denier fibers. This might be due to increased contact area
and packing of fibers so as to forming a better bond. Thermal bonding studies done
by Larry Saidman have shown that larger fibers form stronger bonds [67]. The
higher bond strength is apparently due to increased bond area. Also fibers hold more
heat and there is more melt adhesion compared to that of low denier fibers.

Table 11. Effect of fiber denier on bond strength.

Fiber

DPF

Id
LDPF

HDPF

7.9

16

Temperature

Peak Force

Tenacity

Peak Elongation

(°C)

(kgs)

(gms/denier)

(%)

145

0.204

0.25

5.4

147

0.612

0.77

8.3

150

0.594

0.75

8.5

145

0.508

0.31

18

147

0.676

0.42

17.8

150

1.020

0.63

17

66

Effect of Fiber Denier

Tenacity (gms/den)

0.9
0.7
LDPF

0.5

HDPF

0.3
0.1
144

145

146

147

148

149

150

151

Temperature (˚C)

Figure 37. Effect of fiber denier on bond strength.

4.3.4 EFFECT OF PROCESSING CONDITIONS

HTH2 and constant heat sealer were used to bond PP fibers with different processing
conditions: MWD, spinning speed, dpf. Bond strength variation for two different
sealers in same temperature range is different because of difference in the pattern on
the sealing plates and the bonding conditions. Bond strength results are shown in
table 12. Variation of fiber bond strength for fiber with different polymer molecular
weight distribution is shown in figure 38. For each of these three fibers though number of filaments, spin speed and draw ratios were same their bonding behavior is
different. So if the polymer molecular weight distribution is different then their
respective optimal bonding temperature and respective bond strength will also be
different.
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Table 12. Bond strength of fibers at different temperatures.

Bond strength in kgs

Bond strength in kgs

(constant sealer)

(H2T2 sealer)

Sample

Control

140˚C 145˚C

140˚C

145˚C

150˚C

1

0.694

0.108 0.145

0.099

0.204

0.190

2

0.689

0.290 0.131

0.102

0.133

0.222

3

0.360

0.408 0.485

0.485

0.542

0.789

4

0.569

0.412 0.639

0.179

0.217

0.857

5

0.537

0.426 0.589

0.517

0.884

0.562

6

0.560

0.335 0.444

0.331

0.334

0.648

7

0.437

0.294 0.517

0.263

0.326

0.653

Effect of MWD and temperature variable on bond strength

Bond strength (kgs)

1.0

0.8
2.5
0.5

3.3
3.6

0.3

0.0
138

140

142

144

146

148

150

152

Temperature (ºC)

Figure 38. Thermal bond strength variation of fiber with different MWD.
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Results for the fiber with different denier per filament are shown in figure 39. The
results match with the constant heat sealer results, reconfirming the result of increased bond strength for finer fibers. SEM images of fiber bundles bonded at
different temperatures using HTH2 sealer are shown in figures 40. Fiber bundle
bonded using the constant heat sealer is shown in figure 41. There is very little melting at lower bonding temperatures. Melting of fiber surface increases with the
bonding temperature. At higher bonding temperature, fiber completely loses its
morphology and the polymer melt takes the configuration in concurrence to pressure
and space.
Mukhopadhyay et. al. observed similar results [71]. Based on the strength and SEM
studies they found that the polypropylene fibers well bonded between the interfaces
without affecting the bulk gave better bond strength than the other polypropylene
fiber with change all through the structure. At higher temperatures there is severe
change in the fiber structure so the strength decreases.

Effect of dpf
Bond strength (kgs)

0.9
0.7
2.7 dpf

0.5

2.9 dpf

0.3
0.1
135

140

145

150

155

Temperature (˚C)

Figure 39. Effect of fiber denier on the bond strength’s observed from the HTH2 heat sealer.
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(a)

(b)

Figure 40. PP fiber bundle bonded using HTH2 a) 145˚C b) 150˚C.

Figure 41. PP fiber web bonded at 145˚C using constant heat sealer.
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4.4

FTIR STUDIES

From the bond strength variation with temperature for polypropylene fiber with delta
cross-section it is evident that their strength drop beyond specific bonding temperature. Changes taking place in the polymer functional group was subject of interest
and was investigated using the FTIR of fiber samples. FTIR scan results of control
PP fiber with delta cross-section and fibers after bonding are included in the figure
42. It is evident that there is no detectable change in polymer functional groups. So
the changes happening in the polymer are only at morphological level. There is no
detectable polymer degradation or change in functional group. Strength loss in fibers
or film is due to loss in structural integrity.

Figure 42. FTIR of Control and thermally bonded PP fibers.
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4.5

BI-COMPONENT FIBERS

Properties of three different sheath and core bi-component fibers received from Kosa
are shown in table 13. Results from the DSC of sheath and core components are
shown in table 14. DSC scans of melting peaks of fibers are shown in figure 43.
Results of fiber dimension are shown in table 15. SEM image of bi-component fiber
cross-section is shown in figures 44, 45 and 46.

Table 13. Properties of bi-component fibers used for bonding.

Sample

Staple length

Denier

(mm)

Tenacity

Elongation

(g/den)

(%)

254 (PET/CoPet)

1.5

2

6.79

12.6

256 (PET/PE)

1.5

2

3.8

5.18

258 (PP/PE)

1.5

1.5

3.02

8.32

Table 14. Melting temperatures of sheath and core.

Sheath
Sample

Core

Onset (˚C) Peak (˚C) Onset (˚C) Peak (˚C)

254(PET/CoPet)

71.15

75.4

250.7

255.4

256(PET/PE)

123.7

126.8

238.7

245.9

258(PP/PE)

126.5

129.9

166.4

167.9
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Figure 43. Thermal analysis of bi-component fibers.

Table 15. Dimensions of sheath and core bi-component fibers.

Average

Fiber

Sheath

Core (PET)

Core radius

radius

portion

Portion

(microns)

(microns)

(%)

(%)

254(PET/CoPet)

7.5

10

44

56

256(PET/PE)

7.3

9.8

45

55

258(PP/PE)

4.7

7.3

41

59

Sample
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Figure 44. Cross-section of PET/Co Pet.

Figure 45. SEM image of cross-section of PET/PE.

Figure 46. SEM image of cross-section of PP/PE.
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4.5.1 THERMAL BONDING OF BI-COMPONENT
FIBERS

The effect of bonding temperature on the bond strength of fibers is studied. Bond
strength variation with temperature for bi-component fibers is shown in figure 47.
Unlike other mono-component fibers working window was very broad for bicomponent fibers.
As the bonding temperature increases the melting and flowing of PE sheath increases. SEM images of melting of fibers are shown in figures 48 and 49. Above
150°C, fiber bundle starts to shrink abruptly. This shrinkage is due to the difference
in thermal behavior of sheath and core. After bonding, sheath relaxes due to its low
melting temperature, whereas the core remains unaffected due to its high melting
temperature.

Effect of temperature on bond strength of bi-component fibers

Bond strength (kgs)

0.09
0.07
PET/CoPet

0.05

PET/PE

0.03
0.01
110

120

130

140

150

160

170

180

190

200

Temperature (˚C)

Figure 47. Bond strength variation of bi-component fibers with temperature.
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(a)

(b)

Figure 48. SEM image of PE-PET a) Surface at 130˚C b) Cross-section at 130˚C.

(c)

(d)

Figure 49. SEM image of PE-PET c) Cross-section at 140˚C d) Surface above 150˚C.
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The fiber bundle retains its high strength till 160°C due to the un-melted strong core.
At or above 180°C the fiber bundle forms uniform molten sheet. Thus the window of
bonding temperature for maximum strength is much wider for these fibers.

4.5.2 EASTAR-PP BI-COMPONENT FIBER

Eastar sheath melts at low temperatures compared to polypropylene. Thermal analysis of Eastar-PP fiber is shown in figure 50. Bundles of 50 fibers were selected for
bonding. Strength variation with temperature is shown in figure 51. Fiber bundle
shows optimum bonding from 100˚C to 120˚C. Around 130˚C, or above fibers shrink
and also the melt sticks to the hot plates. Fiber contraction is observed at higher
bonding temperatures. This abrupt shrinkage of fiber might be due to difference in
melting point of core and surface components.

Figure 50. Thermal analysis of fibers.
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Effect of temperature variable on the bond strength

Bond strength (kgs)

0.25
0.20
0.15
bond strength

0.10
0.05
0.00
60

70

80

90

100

110

120

130

140

150

160

Temperature (˚C)

Figure 51. Effect of temperature on bond strength of Eastar-PP fiber.

4.5.3 EFFECT OF BONDING TEMPERATURE ON
PROPERTIES OF BI-COMPONENT FIBER WEBS

Uniform carded webs were produced from the bi-component fibers. Properties of the
calendared webs are shown in table 16. Webs were thermally calendared at different
temperatures. Tensile strength and elongation results are shown in figure 52 and 53.
Cross direction tear strength is shown in figure 54. Stiffness of the web is calculated
by cantilever bending of fabric under its own weight. Results of bending lengths
(cm) are shown in table 17 and figure 55. Web stiffness increases with the calendaring temperature.
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Table 16. Properties of bi-component fiber web.

Sample

Thickness (mm)

GSM

254(PET/CoPet)

0.32

84

256(PET/PE)

0.48

86

258(PP/PE)

0.54

97

Effect of temperature on bond strength of bicomponent fiber webs

Bond strength (kgs)

9.0
7.0
5.0

254(PET/Co Pet)
256(PET/PE)

3.0

258(PP/PE)
1.0
-1.0
90

100

110

120

130

140

Temperature (°C)

Figure 52. Effect of temperature on bond strength of bi-component webs.

Effect of temperature on elongation of bi-component fiber webs

Elongation (%)

70
254(PET/Co Pet)

50

256(PET/PE)
258(PP/PE)

30

10
90

100

110

120

130

140

Temperature (°C)

Figure 53. Effect of temperature on bond elongation of bi-component webs.
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Effect of temperature on tear strength of bi-component fiber web

Tear strength (cN)

500
400
254(PET/CoPet)

300

256(PET/PE)
258(PP/PE)

200
100
0
90

100

110

120

130

140

Temperature (°C)

Figure 54. Effect of temperature on tear strength of bi-component webs.
Table 17. Effect of bonding temperature on bending length of bi-component fiber web.

Web

100˚C

110˚C

120˚C

130˚C

256(PET/PE)

3.85

3.87

4.15

12

258(PP/PE)

5.55

4.75

4.25

8

254 (PET/co PET)

12

13

15

15.4

Effect of bonding temperature on bending length
16.0
12.0
Bending length (cms)

PET/PE
PP/PE

8.0

PET/co PET

4.0
0.0

100˚C

110˚C

120˚C

130˚C

Temperature (˚C)

Figure 55. Bending length of different bi-component fiber webs with bonding temperature.
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Studies of bi-component fiber bonding are carried out at higher temperature range
from 135˚C to 150˚C. 35 GSM carded web prepared using the SDS Atlas card were
calendared using the Kuster calender. Fiber bond strength results are taken as reference for choosing temperature rage of calendering the web.
Bond strength variation with temperature is showed in figure 56. Earlier bonding
studies done with the same bi-component fibers showed increasing bond strength
with calendering in the temperature range from 100˚C to 130˚C. Bond strength
shows decrease after optimum for two of the fibers. Variation of web elongation with
the calendering temperature is shown in figure 57. Web elongation decreases with
the bonding temperature. The decrease in the elongation is due to over bonding,
which is accompanied by an increase in stiffness. Variation of fabric stiffness with
the calendering temperature is shown in figure 58. From the data it is obvious that
PET/Co-Pet fibers that are stronger do not produce better webs. Ability to form a
good bond is more important to achieve higher web strength.

Effect of calendering temperature on bond strength of bicomponent fiber web

Bond strength (kgs)

7.0
6.0
5.0
T-254
4.0

T-256

3.0

T-258

2.0
1.0
134

136

138

140

142

144

146

148

150

152

Temperature (˚C)

Figure 56. Effect of calendering temperature on the bond strength of web.
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Effect of calendering temperature on web elongation
80

Elongation (%)

70
60

T-254

50

T-256

40

T-258

30
20
10
134

136

138

140

142

144

146

148

150

152

Temperature (˚C)

Figure 57. Effect of calendering temperature on elongation of web.

Effect of bonding temperature on bending length

Bending length (cms)

14.0
13.0
12.0
11.0

T-254

10.0

T-256

9.0

T-258

8.0
7.0
6.0
134

136

138

140

142

144

146

148

150

152

Temperature (˚C)

Figure 58. Effect of calendering temperature on web stiffness.
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4.6

THERMAL BONDING BETWEEN NATURAL AND
MAN MADE FIBERS

The thermal bonding study was carried out between cotton and other fibers. Bond
strength of control fibers is compared with bond strength between two different
fibers. Control fiber strength and the bond strength between the fibers are shown in
table 18. Overall bond strength of raw cotton with Eastar-PP is more than that of
Eastar-PP with bleached cotton. SEM images of the bond point are shown in figures
59 and 60. Easter-PP melts and acts as adhesives in the bond point. SEM image of
Eastar-PP bonded with bleached cotton is shown in figure 61. From the SEM image
it’s clear that the man made fibers can be used as adhesives to form the bond between natural fibers.

Table 18. Results of Eastar-PP bonded with raw and bleached cotton.

Fiber

Bond strength (kgs)

Eastar PP Control

0.204

Raw Cotton Bundle strength

0.199

Bleached Cotton Bundle
strength

0.104

Eastar PP and Bleached cotton

0.104

Eastar PP and Raw cotton

0.176
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Figure 59. SEM image of PLA and bleached cotton.

Figure 60. SEM images of Eastar-PP/ raw cotton.

Figure 61. Eastar-PP/ bleached cotton.
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4.7

EFFECT OF FINISH ON BOND STRENGTH

Impact of spin finish on the bond strength was studied with films, staple fibers and
continuous fiber webs. Hydrophobic and hydrophilic finishes were used. Initial
bonding studies were carried out on the polypropylene films with different types and
different levels of finish. Effect of temperature on the bond strength of films with
different amount of finishes was studied. Overall there is a decrease in bond strength
when finish is applied on the webs, when compared at similar bonding conditions. It
was also observed that the bonding temperatures might have to be increased to
achieve higher strength for fibers with finish.

4.7.1 EFFECT OF FINISH ON BOND STRENGTH OF
FILM

Impact of spin finish on the thermal bonding of two different types of polypropylene
films was investigated. Cast films prepared from metallocene polypropylene and one
of the polypropylene films obtained from Sunoco were treated with the hydrophobic
and hydrophilic finish at two different levels, indicated low and high. The exact
amount of finish was not determined. Films treated with finishes were bonded under
the hot press at a comparable temperature and pressure. The results from tensile
testing are shown in figures 62 and 63. For all the film samples there is a drop in
bond strength with finish. Also, the strength drop was higher with higher amount of
finish on the film. This is the expected result and actual drops in strength values were
different for the two finish types. The reduction in strength with finish content on the
film might be due to the lower heat transfer between the films at bond point.
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Effect of hydrophobic finish on bond strength
5.0
4.0
Bond strength 3.0
(kgs)
2.0

hydrophobic
hydrophilic

1.0
0.0

Origional film

low

high

Finish quantity

Figure 62. Effect of hydrophobic and hydrophilic finish on PP-M film bond strength.

Effect of finish on bond strength
1.6
1.2
Bond strength (kgs) 0.8

Hydrophobic
Hydrophilic

0.4
0.0

Origional film

low

high

Finish

Figure 63. Effect of hydrophobic and hydrophilic finish on PP-Sunoco film bond strength.
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Results form the film studies, where finish pick up was varied over a wide range is
shown in figure 64. The data show a trend of decreasing strength with increasing
pick up for the finish on PP film. When the finish percent was high (~9% compared
to <1%) the strength dropped almost by half. However one has to remember that in
real applications, finish level is never high but only about one percent or less. All the
studies were done only at one bonding temperature.

4.7.2 EFFECT OF FINISH ON BOND STRENGTH OF FIBERS

Two different Polypropylene fibers with different type of finish were obtained from
Goulston. Finish was removed from these fibers using Methanol Soxhlet extraction
system. Effect of overnight extraction on the fiber properties is predetermined using
tensile testing. Fiber properties tested using Vibromat-M and Fafegraph-M are
shown in table 19. It is possible that there is some damage to fibers during extraction
leading to lower tenacity of these fibers. Bonding studies of the fibers with and
without finish were carried out using the Dynisco heat sealer. Variation of bond
strength of fibers at different temperatures is shown in figure 65. Even though fiber
mechanical properties are slightly affected by extraction, bond strength of finish
extracted fibers is higher than that of fibers with finish. At higher temperatures, bond
strength of fibers with finish increases and it is equal to that of finish extracted fibers. SEM image of fibers with finish and finish extracted are shown in figure 66. It
is evident that the fiber with the finish is smoother than the finish extracted fiber.
These surface modifications may have some role in bond strength changes as well
and the results have to be interpreted cautiously.
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Bond strength (kgs)

Variation in bond strength with finish pick up
1.3
1.1

bond strength

0.8
0.6
0.3
0

2

4

6

8

10

Finish pick up

Figure 64. Effect of finish content on bond strength (PP Film).

Table 19. Properties of Soxhlet extracted fibers.

Sample
Extracted
(t-193)
As-supplied
(T-193)
Extracted
(t-198)
As-supplied
(T-198)

Elongation

Linear density

Tenacity

(%)

(den)

(gms/den)

360.75

2.41

1.58

358.5

2.26

2.03

361.42

2.19

2.21

234.12

2.18

2.44
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Effect of finish on thermal bond strength of fibers
30.0

Bond strength (gms)

25.0
20.0

t-193(no finish)
T-193(with finish)

15.0

t-198(no finish)

10.0

T-198(with finish)

5.0
0.0
134

136

138

140

142

144

146

Temperature (˚C)

Figure 65. Variation of bond strength with finish and bonding temperature.

(a)

(b)

Figure 66. SEM image of a) fibers with finish content b) finish removed.
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4.7.3 THERMAL BONDING OF FIBERS WITH DIFFERENT LEVELS OF FINISH

Results for polypropylene fibers with three different levels of finish are shown in
figure 67. From the data it is clear that optimum bond temperature for fibers with
high finish is slightly higher than fiber with less finish. When the finish level is very
high strength values do not seem to reach that of fibers with lower or no finish on
them. These results are consistent with our earlier observations on film studies.
The finish levels on surface were tested by the XPS technique that measures the
energies of photoelectrons that are emitted from atoms when they are irradiated by
soft X-ray photons. Grapgh of number of electrons verses the bond energy for each
of the sample is shown in figure 68. Peaks of carbon and silica are proportional to the
amount of finish on the fiber.

Effect of finish level on thermal bond strength

Bond strengh (kgs)

0.6
0.5
0.4

low

0.3

medium

0.2

high

0.1
0
138

140

142

144

146

148

150

152

Temperature (˚C)

Figure 67. Effect of temperature and different levels of finish on thermal bond strength.
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XPS results for fibers
Number of electrons (E)

1000

750

500

low
medium
high

250

0
0

100

200

300

400
500
600
Bond energy (E)

700

800

900

Figure 68. XPS results of PP fibers with different levels of finish.

4.8

CARDING AND CALENDERING OF PP FIBERS
WITH FINISH

The two polyproplelene fibers with different type of finish obtained from Fibervisions were carded in to web and calendered. Compared to bi-component fibers
processing of PP fibers with finish was easier: because of lower static related problems. Basis weight and the thickness of the calendared webs are shown in the table
20. Fiber bond strength results were taken as reference for choosing the calendering
temperature. Bond strength variation with temperatures is shown in figure 69 and
bending length at different temperatures is shown in figure 70. The optimum bond
strength observed was 145˚C, which is comparable to the fiber bonding studies. This
is an indication that fiber bonding studies can be used to predict the bonding of fiber
web. Bending length values continue to increase indicating the trend of increasing
stiffness with higher bonding temperature.
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Table 20. Thickness and GSM of web.

Thickness

Sample

GSM

(mm)

As-supplied
(T-193)
As-supplied
(T-198)

0.40

35

0.41

36

Effect of finish and calendering temperature bond strength of web
5.5

Bond strength (kgs)

5
4.5
4
T-193
3.5

T-198

3
2.5
2
134

136

138

140

142

144

146

148

150

152

Temperature (˚C)

Figure 69. Variation of tensile strength of web with the calendering temperature.
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Effect of calendering temperature on bending length of web
12.0

Bending length (cm)

10.0
8.0
T-193
6.0

T-198

4.0
2.0
134

136

138

140

142

144

146

148

150

152

Temperature (˚C)

Figure 70. Effect of calendering temperature on fabric stiffness.

4.9

EFFECT OF FINISH ON BOND STRENGTH ON
CONTINUOUS PP WEBS

Effect of finish and water during the thermal bonding of polypropylene spunbonding
is studied. Finish and water were sprayed on the fiber web before it went through the
calendering process. Fabric tensile strength and tear strength of the webs are compared with the web without any finish. Fabric properties are shown in the table 21.
Fabric tensile strength results are compared in figure 71. Tensile strength slightly
decreases with both type of finish and water. Web tear strength in both machine and
cross direction is shown in figures 72 & 73. In this study we did not observe any
conspicuous tear strength change in presence of finish or water. Strength reduction is
similar to the results observed during film and fiber bonding studies and might be
due to reduction in effective bonding temperature.
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Table 21. Fabric thickness and basis weight.

35 GSM

Thickness

GSM

Control

0.353

35

Water

0.319

31

Hydrophilic

0.343

36

Hydrophobic

0.341

34

Control

0.458

42

Hydrophilic

0.404

44

Hydrophobic

0.417

45

50 GSM

Figure 71. Comparison of tensile properties SB fabrics with and without spin finish for the
two different basis weight webs.

94

Effect of finish on tear strength of 35 GSM web

2500
2000
1500

MD

Tear strength (cN)

CD

1000
500
0

control

hydrophilic

hydrophobic

water

Figure 72. Comparison of tear strength of 35 GSM polypropylene SB fabrics with and
without spin finish.

Effect of finish on tear strength of 50 GSM web

2500
2000
1500

MD

Tear strength (cN)

CD

1000
500
0

Control

Hydrophilic

Hydrophobic

Figure 73. Comparison of tear strength of 50 GSM polypropylene SB fabrics with and
without spin finish.
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4.10 EFFECT OF FINISH ON PP CONTINUOUS FIBER
WEB PROPERTIES

Lightly bonded calendered webs were if prepared from 35 MFR PP at TANDEC
using Reicofil-2 spun bond line. These webs were sprayed with hydrophobic and
hydrophilic finishes at different concentrations and after drying calendered using the
Kuster calender at different temperatures. Effects of temperature variable in the
presence of finish content on resultant fabric properties are determined.
Web strength drops with the calendering temperature for the control fabric without
finish. As the finish content on the web increases drop in strength is reduced. Also
fabric web with the higher finish content attains the maximum strength at relatively
higher temperature compared to control. Variations in the fabric strength and elongations with the hydrophobic and hydrophilic finish content and temperature are shown
in figure 74, 75, 76 and 77.
Variation of bending length with both type of finish at different concentration and
calendering temperature is shown in figure 78 and 79. Fabric stiffness does not show
large fluctuation with the finish concentration. Stiffness increases with the increase
in calendering temperature. It shows slight increasing trend with the increase in
finish concentration and reduces at the higher temperature. This is an indication that
even if slightly higher temperatures have to be used to achieve optimum bonding,
flexibility of the fabric does not suffer.
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Effect of hydrophilic finish percentage and temperature on SB web strength
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Figure 74. Effect of hydrophilic finish and temperature on web strength.

Effect of hydrophobic finish percentage and temperature on SB web strength
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Figure 75. Effect of hydrophobic finish and temperature on web strength.
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Effect of hydrophilic finish percentage and temperature on SB web elongation
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Figure 76. Effect of hydrophilic finish and temperature on web elongation.

Effect of hydrophobic finish and temperature on spunbond web elongation
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Figure 77. Effect of hydrophobic finish and temperature on web elongation.

98

Effect of Hydrophilic finish on bending length
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Figure 78. Effect of Hydrophilic finishes concentration and temperature on bending length.

Effect of Hydophobic finish on bending length
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Figure 79. Effect of Hydrophobic finishes concentration and temperature on bending length.
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4.11 EFFECT OF SURFACE PROPERTIES ON THE
THERMAL BONDING BEHAVIOR

All the materials possess and exhibit surface forces. For liquids this force is called
surface tension. Surface tension is a phenomenon which allows the insect to travel on
water surface, plant to absorb water through action of capillary force etc. Solids and
liquids tend to assume the lowest energy state, for example, when the water droplet
falls freely through the air it assumes the shape of a sphere because spherical shape
has lowest surface energy.
Surface energy plays an important role in the interaction of two different solids and
the bonding between them. Solid surface (fibers, films) also have surface energy
because of the unreciprocated bonds between the constituent molecules. Understanding of the nature of surface and surface energy is very important. One of the indirect
and easy methods of measurement of surface energy of solids is contact angle measurement. Contact angle of films and fibers was determined using the Kruss Processor
Tensiometer K-14, by the single fiber Wilhelmy method.

4.11.1

CONTACT ANGLE

Contact angle is a simple method to measure the wetting properties of material.
Wetting properties depend on properties like, nature of the material, its surface energy, and textures. Contact angle is dependent on the direction in which it’s
measured as well. If the angle is measured while liquid is advancing over the surface
then it is called the advancing contact angle. If the angle is measured while liquid is
receding from the contact solid surface it is called the receding contact angle. Receding contact angle depends on the microscopic surface roughness.
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Generally the advancing angle is larger than the receding angle and the difference is
called the contact angle hysteresis [72]. Advancing and receding contact angle of
films with different type of finishes are shown in table 22. Contact angle values can
be related to the type of finish. Advancing and receding angles for the PP film with
hydrophobic finish are higher than that of hydrophilic finish. This is an expected
result since water does not wets hydrophobic materials easier.
As mentioned before, Hysteresis which is the direct indication of microscopic
roughness of surface is higher for control film without any finish. Thermal bond
strength of film and fiber with the finish is less than that of control polymer sample.
Overall bond strength of polymer sample with hydrophobic finish is more than that
of hydrophilic finish and less than control. It was also observed that the optimum
bond strength for film and fiber with textile finish is shifted to slightly higher temperatures and at higher temperatures overall bond strength for film with both type of
finish is almost same. At higher temperatures there is better dispersion of the polymer melt, so the strength is almost same for both types of finishes. Thermal bond
strength in case of polymer films with finish can be related to contact angle hysteresis. More measurements and a detailed investigation is needed in this area.

Table 22. Contact angle and Hysteresis of PP films with finish.

Sample

Advancing

Control film

78.7

40.8

37.9

hydrophilic

59.3

46.6

12.7

hydrophobic

84.5

67.7

16.8
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Receding Hysteresis

5
CONCLUSIONS
Based on the thermal bonding of films with different morphology, polymer grade
it can be concluded that:

•

Lower pressure and shorter times were appropriate for bonding of films compared to fibers.

•

The effect of temperature on bond strength clearly indicated the pattern as
seen with PP fibers in earlier studies, showing an increase in strength with increase in temperature till it reaches an optimum, and then drops.

•

The optimum bonding temperature is different for different grades of the
polymer, indicating the differences in bonding behavior.

•

Films with lower orientation and crystallinity form better bond.

Based on the thermal bonding studies carried out on the staple fibers using heat
sealers it can be concluded that

•

Bond strength increases with the increase in bonding temperature and a peak
strength is observed in certain range of temperatures in the vicinity of melting
point of the polymer, and strength drops with further increase in temperature.
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•

Fiber cross-section, crimp and denier have influence on the thermal bonding
performance

•

Compared to round fiber, delta cross-section fiber performs better and can be
bonded at lower bonding temperatures.

•

Lower denier, low melt flow rate polymer fibers perform better in thermal
bonding.

•

Bi-component fiber can be bonded in a wide range of operating temperatures
and form strong bonds at lower bonding temperatures.

•

Natural fibers like cotton can be bonded with some man-made fibers. Raw
cotton shows better bond strength compared to that of bleached cotton with
PLA and Eastar-PP.

Based on the results of continuous filament bonding, it was observed that
•

Fibers with different polymer type, blends have different melting behavior
and hence their optimum bond strengths for these fibers are different.

•

Filament bonding behavior is similar to film and staple polymer bonding.

•

There is a certain optimum bonding temperature range for each filament.

Based on the carding and calendering of staple fiber homo-polymer, bi-component
fiber webs, notable conclusions are:
•

Strength of web increases with the calendering temperature up to an optimum
and then decrease with further increase in temperature.

•

Bi-component fibers can be bonded in a wide range of operating temperatures.

•

Relatively low stiff webs are produced from bi-component fibers
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Webs calendered at higher temperature shrinks and shrinkage is more in the case of
bi-component fiber webs due to sheath and core effect.
Studies with spin finish showed that the bond strength is lower with finish either
hydrophobic or hydrophilic. The results showed the same trend for films, staple
fibers, continuous filaments, and for webs of both staple and continuous fibers.
Presence of finish likely affects heat transfer and diffusion of molecules at the interface, thus reducing the bond strength.

5.1

FUTURE WORK

Some of the suggestions for further work in this area are:
•

Effect of additive and its effect on the thermal bonding performance of fibers
and fabric.

•

Bonding between the natural and man made fibers.

•

Study the surface energy on the thermal bonding performance, especially by
contact angle measurements.

•

Surface grafting to increase the bonding performance.

•

Thermal bonding studies of other bi-component fibers; islands in sea, segmented pie structures.

•

Thermal bonding of hollow fibers.

•

Thermal bonding of block copolymer fibers.

•

Measuring the amount of diffusion or mixing of molecules between the interfaces at optimum bonding temperature for different MFR, MWD.
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ABBREVATIONS
DSC-Differential Scanning Calorimetry
PP-Polypropylene
PP-M-Metallocene Polypropylene
PP-Z-Z
PLA-Polylactic acid
PA-Poly amide
PE-Polyethylene
LLDPE-Lanier Low Density Polyethylene
LDPE-Low Density Polyethylene
MA-Maleic anhydride
PE/PET- Polyethylene Sheath-Polyethylene terephthalate Core Fiber
PP-Polypropylene
XPS-X-Ray Photo Spectroscopy
HP-Hydrophobic finish
Hp-Hydrophilic finish
PET-Polyethylene Terephthalate
PE-Polyethylene
TPB-Thermal Point Bonding
MFR-Melt Flow Rate
MFI-Melt Flow Index
Denier- Weight in grams of 9000 meters of fiber
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SB-Spun bonding
MD- Machine direction
CD-Cross direction
ODF- Orientation Distribution function.
DCD-Die to collector distance.

113

VITA

Raghavendra R Hegde was born in Kumta Karnataka, India. He attended Govt.
SKSJT Institute Bangalore, India from 1998 to 2002 where he graduated with a
Bachelor of Textile Technology in Engineering. Raghavendra came to the United
States of America in the spring of 2004 for his Master’s degree in the Department of
Materials science and Engineering at University of Tennessee, Knoxville. He worked
as Graduate research assistant for thesis research under advice of Dr. Gajanan Bhat.
He will be awarded the Master of Science degree in May 2006.

114

